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A B S T R A C T
The eﬀect of equivalence ratio on gasiﬁcation of poultry litter, blend of poultry litter with beech wood and beech
wood alone, was experimentally studied in a lab-scale ﬂuidised bed reactor. Lower caloriﬁc value decreased with
equivalence ratio whereas carbon conversion eﬃciency revealed the opposite trend. Beech wood showed both
the highest lower caloriﬁc value and carbon conversion eﬃciency, 4.96MJ/m3 and 91.6% respectively. Total
gas chromatography-detectable tar decreased with an increase in equivalence ratio. The reduction in total gas
chromatography-detectable tar was more profound in the case of poultry litter (22%). Beech wood illustrated the
highest amount of total gas chromatography-detectable tar, 7.52gtar/kgfeedstock-daf at the lowest equivalence
ratio, due to the higher lignin content responsible for generation of polycyclic aromatic hydrocarbons.
Agglomeration occurred while gasifying poultry litter at 750 °C and at the highest equivalence ratio (0.25),
whereas in the case of blend and beech wood alone all the test runs were conducted successfully.
1. Introduction
The depletion of fossil fuels along with the associated emission of
greenhouse gases in the atmosphere makes urgent the need for ex-
ploration of renewable energy resources [1]. Among those resources,
bioenergy has recently gained a lot of attention. According to Bioenergy
Europe [2], bioenergy accounts for 63% of the renewable energy share
within the EU28. Reasons explaining these trends are the vast pro-
duction potential and its environmentally friendly nature. In particular,
signiﬁcant amounts of biomass can be derived from woody residues
(parks, residues from managed forests, wood industry), agricultural
including animal waste, and solid fraction of municipal waste [3].
When using residual streams, the feedstock is considered ideally CO2
neutral, since it is produced through photosynthesis process during
which the amount of CO2 that is absorbed from the atmosphere is
exactly the same to the amount released by biomass use [4]. However,
there is always some net addition of CO2 in the atmosphere due to the
utilisation of fertilisers and fossil fuels during the phases of production
and handling and transportation of biomass.
Poultry litter (PL) is a blend of poultry excreta, animal feed, bedding
material (straw, sand or wood chips) and feathers. Due to the growing
demand for poultry meat globally, PL has become a major source of
waste from poultry industry and its eﬀective disposal is a major chal-
lenge for farm owners. Therefore, the traditional landﬁlling is not
anymore a sustainable and economically viable option [5], whereas the
common practise of utilising PL as a fertiliser poses signiﬁcant en-
vironmental issues due to high concentration of PL in conﬁned areas.
Particularly, excessive amounts of PL spread into soil can lead to eu-
trophication, nitrate leaching, crop toxicity, odours and emissions of
greenhouse gases (NH3, NOx, N2O) to the atmosphere [6–8].
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Increased environmental concerns described above and strict reg-
ulations pertaining to the use of PL in fertiliser applications necessitate
the implementation of alternative strategies regarding PL management.
In this context, thermochemical conversion of PL into energy can be a
viable option. Produced energy can be used onsite, saving the farm
owners from signiﬁcant fossil fuel costs, while mitigating the environ-
mental eﬀects resulting from the utilisation of conventional fuels and
the over application of PL as a fertiliser.
The thermochemical conversion pathways are categorised into
combustion, pyrolysis and gasiﬁcation. The former is already proven
and commercialised, whereas gasiﬁcation and pyrolysis have to over-
come speciﬁc challenges before they can be further employed at full
commercial scale, particularly when using manure-based feedstock.
Focusing on gasiﬁcation technology, a carbon-based feedstock is dis-
sociated in a high temperature environment (700–1500 °C) under sub-
stoichiometric conditions. The oxidising medium can be air, steam,
pure oxygen or a mixture of them. The product of gasiﬁcation is a
combustible gas, known as the “product gas” or “syngas”, consisting
mainly of CO, H2, CO2, CH4 and a small amount of C2+ compounds
along with impurities, such as ﬁne particulates, tar and alkali metals
[9]. Gasiﬁcation is considered as a more ﬂexible technology compared
to combustion since the product gas can be utilised in a wide range of
applications, being that heat and power generation, biofuel production
and chemicals [10]. However, the major problem impeding its further
development is the presence of tar in the product gas. Diﬀerent deﬁ-
nitions of tar exist across the literature, with one of the most common
describing tar as “ the organics produced under thermal or partial-
oxidation regimes (gasiﬁcation) of any organic material, and are gen-
erally assumed to be largely aromatic” [11]. The main issue from the
presence of tar relates to their condensation in the colder sections of the
gasiﬁer which further results in clogging and fouling of the equipment
downstream. A comprehensive review of the nature and tar formation is
presented by Milne et al. [12]. The authors classiﬁed tar into primary,
secondary and tertiary, based on their formation at diﬀerent process
conditions. Primary tar is mostly oxygenated compounds such as le-
voglucosan, glycolaldehyde and furfural that are formed during the
pyrolysis stage at temperatures between 400 and 600 °C. As the tem-
perature increases, primary tar compounds decompose and convert into
secondary tar, mostly consisting of phenolics and oleﬁns at tempera-
tures between 700 and 850 °C. At even higher temperatures
(850–1000 °C) tertiary tar is formed, consisting complex poly-aromatic
hydrocarbons (PAH) and these are very stable with a high dew point
[13–15].
PL is considered a fuel of low energetic value due to the high
moisture and ash content. Furthermore, PL ash comprises of inorganic
materials (K, P, Mg, Si) characterised by low melting temperature
which may lead to agglomeration conditions and consequently de-
ﬂuidisation of the gasiﬁer bed. Due to the speciﬁc challenges outlined
above, co-gasiﬁcation of poultry litter with traditional biomass can be
an attractive option. A number of researchers have conducted work on
poultry litter gasiﬁcation [16–22]. However, the possibility of co-gasi-
ﬁcation of PL with biomass has been rarely explored. Experiments were
conducted with a mixture of 70% wood chips and 30% PL in a 10 kW
ﬁxed bed downdraft gasiﬁer [23]. The authors argued that the product
gas was of comparable quality with the one of gasiﬁcation of pure
wood, implying the suitability of PL as feedstock in gasiﬁcation pro-
cesses. In another study, experiments were performed on a lab-scale
ﬁxed bed gasiﬁer of 5 kg/h feeding rate [24]. Pre-dried raw PL and
pelletised PL were mixed with wood pellets in order to study the
properties of product gas generated by the two diﬀerent blends. The
study recommended that co-gasiﬁcation of PL with wood is technically
feasible, and the product gas from pelletised PL has a higher caloriﬁc
value compared to that of raw PL.
The objective of the present study is to evaluate the eﬀect of
equivalence ratio (ER) on gasiﬁcation performance of PL, the blend of
PL with beech wood (PL/BW) at 50 – 50% mass ratio and pure BW in a
lab-scale bubbling ﬂuidised bed reactor. The key outcome of the study
is that it highlights the operating temperature limitations when using
poultry litter in gasiﬁcation. Furthermore, this study also provides de-
tailed practical insight about the diﬀerences in total tar amount and the
chemical composition of evolved tar from the three tested fuels, which
to the best of authors’ knowledge are not well reported in the literature.
2. Experimental investigation
2.1. Materials
PL was collected from a poultry farm in Finland. Due to its het-
erogeneous nature, PL was partially dried and sieved at a particle size
between 0.5 and 0.98mm before being fed into the gasiﬁer. Beech
wood, originally from Germany [25] was provided by ECN part of TNO
in which the experiments took place. This woody stream is mainly used
for bedding material in animal keeping. The particle size of BW was in
the range of 0.7–2mm. The moisture content in the feedstocks was
measured on as received (a.r.) basis. The PL and BW were blended at
50–50% (by weight) before co-gasiﬁcation experiments. Table 1 reports
ultimate and proximate analysis and the lower caloriﬁc value (LCV) of
all the fuels used in this study. The value of ﬁxed carbon was calculated
by subtracting the percentages of volatile matter and ash from 100% on
a dry basis (d.b.). Similarly, the oxygen content was determined by the
diﬀerence from the elements presented in ultimate analysis and the ash
content.
The chemical composition of ash measured with inductive coupled
plasma technology is presented in Table 2. It is evident that the con-
centration of silicon, potassium, phosphorus and calcium in the PL ash
is signiﬁcantly higher compared to the blend of PL and BW. This relates
to the agglomeration phenomenon and is discussed in Section 3.4.
2.2. Experimental facility
The experimental set up illustrated in Fig. 1 is located at the Energy
Research Centre of the Netherlands, now part of the Netherlands or-
ganisation of applied research TNO (ECN part of TNO). The experi-
ments were conducted in the framework of the EU’s BRISK2 Transna-
tional Access Project. The fuel was fed into the reactor by two
mechanical screw feeders under a limited ﬂow of nitrogen (1.0 L/min)
in order to avoid any backﬂow of the product gases. The hopper was
equipped with a stirrer to avoid bridging and maintain consistent ﬂow
of the feedstock. The reactor consists of two diﬀerent zones: a bed
section with an internal diameter of 74mm and 500mm height with a
perforated distribution plate at its base, and the freeboard section with
an internal diameter of 108mm and height 600mm. The ﬂuidising
medium (air and nitrogen) is electrically heated to 160 °C prior to in-
troduction from the bottom of the reactor through the perforated
Table 1
Ultimate and proximate analysis of feedstock.
Type of feedstock PL PL/BW BW
Proximate analysis (% w/w, a.r.)
Moisture 9.71 9.94 9.00
Volatile matter 69.60 73.90 80.90
Ash 14.30 8.10 1.30
Fixed carbon* 16.10 17.90 17.80
Ultimate analysis (% w/w, d.b.)
C 42.82 46.76 46.85
H 5.49 5.68 6.30
N 3.90 2.48 0.17
Cl 0.25 0.16 0.01
S 0.60 0.37 0.02
O* 32.64 36.45 45.35
LCV (MJ/kg d.b) 16.78 17.37 17.59
a.r.: as received, d.b.: dry basis, *calculated by diﬀerence.
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distribution plate. Gas exiting the freeboard section passes through a
solid-gas separator (cyclone) in order to remove entrained particles of
char and ash. After the cyclone, product gas splits into two streams: one
heading towards a ﬂare where it is combusted and a second one passing
through two ﬁlters in order to remove the tar and ﬁnest particles that
were not captured from the cyclone. Clean gas exiting the ﬁlters passes
through an on-line gas analyser where its composition is continuously
monitored. Tar and moisture samples are collected through a sampling
port located between the hot and the cold ﬁlter. It is worth mentioning
that the temperature in the sections from the exit of the reactor up to
the cold ﬁlter is maintained at 400 °C, preventing any tar condensation
inside the pipes. This is realised through insulation and electric heating.
2.3. Test procedure
Three tests were conducted on each day and the fuel feeding rate
reported is the average of the utilised fuel in each test. The start-up
period for all experiments was between 1.5 and 2 h, during which the
reactor was heated by means of electrical heating. Air and nitrogen
were continuously supplied from the bottom at a constant ﬂow rate of
12.0 L/min in order to keep adequate ﬂuidisation and to ensure con-
sistent time for gasiﬁcation conditions (residence time). Experiments
were carried out at diﬀerent ERs by adjusting the ﬂow rate of air and
nitrogen entering the reactor. More speciﬁcally, at lower ER the ﬂow
rate of air was reduced while the nitrogen was increased and vice versa,
while maintaining the total ﬂow rate at 12 L/min. During all the ex-
periments the temperature of the reactor was kept constant at 750 °C.
Sieved silica sand (1.06 kg/day) with a particle size of 0.25–0.5 mm was
used as a bed material. Wen and Yu’s correlation was used [26] to
calculate the minimum theoretical ﬂuidisation velocity at the speciﬁed
operating conditions which was 0.033m/s. A summary of the experi-
mental tests is presented in Table 3. Only two tests regarding PL gasi-
ﬁcation are reported (test 1, 2) since agglomeration occurred at the
highest ER (0.25). Tests 3, 4, 5 refer to PL/BW gasiﬁcation. An attempt
was made to gasify the PL/BW at the temperature of 800 °C but the bed
agglomerated and the experiment was terminated. BW alone was ga-
siﬁed at 750 °C (tests 6, 7, 8) and the results are considered as the re-
ference point. It can be seen from Table 3 that the feeding rate was
consistent throughout the experimental campaign.
2.4. Measurement methods
An ABB gas analyser (CO, CO2, CH4, H2, O2) and a Varian micro-GC
analyser (Ar/O2, CO, CO2, CH4, C2H2, C2H4, C2H6, C6H6, C7H8, H2S, and
COS) were used for the on-line measurement of the product gas com-
positions. The measurements took place continuously at 4-minute in-
tervals. Neon (10mL/min) was added as tracer gas to measure the
ﬂowrate of the product gas and was used to calculate the mass balances.
Samples of elutriated char and ash from both the cyclone and bed
material were taken and further analysed for the mass balance calcu-
lations. In the case of cyclone, the material was collected at the end of
each test, whereas the bed material samples were collected at the end of
Table 2
Chemical composition of ash.
Ash composition (mg/kg d.b.) PL PL/BW BW
Major components
Aluminium 1200 336 65
Calcium 15500 8947 2964
Iron 1600 868 99
Magnesium 8200 4299 503
Sodium 4200 1661 36
Phosphorus 10200 5603 104
Potassium 27700 12866 1331
Silicon 7300 147 242
Titanium 95 87.50 4
Minor components
Arsenic < 0.5 1.03 n.d.
Cadmium 0.14 < 0.25 n.d
Cobalt 1.9 2.28 n.d.
Chromium 16 40.70 2
Copper 84 89.80 3
Mercury < 0.02 0.04 n.d.
Manganese 600 346 94
Molybdenum 4.80 7.03 n.d.
Nickel 16 37.20 2
Lead 1.50 1.87 n.d.
Antimony <0.5 < 0.25 n.d.
Vanadium 4.20 4.29 n.d.
Zinc 450 238 3
n.d.: not detected.
Fig. 1. Lab-scale experimental facility at ECN part of TNO, Netherlands 1: Hopper, 2: Screw feeders, 3: Pre-heater, 4: Gasiﬁer, 5: Cyclone, 6: Valve, 7: Hot ﬁlter, 8:
Cold ﬁlter, 9: Flare.
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Table 3
Summary of operating conditions of experimental tests.
Type of feedstock PL PL/BW BW
Test number 1 2 3 4 5 6 7 8
Fuel ﬂow rate (kg/hour, a.r.) 0.548 0.548 0.559 0.559 0.559 0.546 0.546 0.546
ER (-) 0.17 0.21 0.17 0.21 0.25 0.18 0.225 0.27
Air ﬂow rate (litres/min) 6.05 7.6 6.5 8.2 9.8 6.05 7.6 9.08
Nitrogen ﬂow rate (litres/min) 5.95 4.4 5.5 3.8 2.2 5.95 4.4 2.92
Minimum ﬂuidisation velocity Umf (m/sec) 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
Superﬁcial ﬂuidisation velocity U (m/sec) 0.138 0.138 0.138 0.138 0.138 0.138 0.138 0.138
Gasiﬁer temperature (°C) 750 750 750 750 750 750 750 750
Fluidisation medium temperature (°C) 160 160 160 160 160 160 160 160
Table 4
Summary of results derived from all the experimental tests at steady state conditions.
Test Number 1 2 3 4 5 6 7 8
H2 (vol.%, d.b.) 10.1 10.15 6.54 7.97 6.63 6.45 7.15 6.31
N2 (vol.%, d.b.) 64.4 62.8 65.54 63.42 63.18 63.7 61.48 59.96
CH4 (vol.%, d.b.) 2.2 2.12 3.42 3.21 3.14 3.79 3.73 3.78
CO (vol.%, d.b.) 11.18 11.39 11 10.65 10.59 12.74 12.82 13.52
CO2 (vol.%, d.b.) 10.21 11.59 11.29 12.59 14.21 11.1 12.65 14.21
C2H4 (vol.%, d.b.) 1.17 1.13 1.34 1.24 1.24 1.25 1.21 1.24
C2H6 (vol.%, d.b.) 0.198 0.2 0.2 0.2 0.2 0.18 0.19 0.19
C2H2 (vol.%, d.b.) 0.02 0.02 0.05 0.04 0.04 0.05 0.05 0.05
H2S (ppmv, d.b.) 365.7 369 272.56 243.15 198.45 24 28.6 31.6
COS (ppmv, d.b.) 17 18.86 17.28 17.46 15.36 < 3 <3 <3
C6H6 (ppmv, d.b.) 384.5 393.8 876.3 835 866 1945 1289.9 967.9
C7H8 (ppmv, d.b.) 176.6 181.5 341.72 340.83 321.98 735 455 265.23
Total GC-detectable tar (gtar/kgfeedstock-daf) 4.87 4.25 6.46 6.1 5.8 7.52 7.44 6.72
Gas yield (Nm3dry N2free/kgfeedstock-daf) 1.221 1.247 0.972 0.983 0.97 0.86 0.948 0.976
Moisture (g/Nm3dry product gas) 64.5 67 100 111.5 113.5 90 111.5 133
LCV (MJ/Nm3, d.b.) 4.22 4.2 4.47 4.43 4.25 4.96 4.86 4.82
CGE (%) 61 58 55 55.93 57.85 62.93 62.78 61.96
CCE (%) 85.5 85.1 76.8 78.9 84 82.76 86.63 91.6
Fig. 2. Eﬀect of ER on a) Gas yield and b) CCE.
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the day.
Oﬀ-line solid phase adsorption (SPA) method was used for the
analysis of tar compounds. Total GC-detectable tar reported in this
study refers to the sum of tar compounds eluting from thiophene (M
~84 g/mol) to benzo[a]anthracene (M ~ 228 g/mol). Benzene (C6H6)
and toluene (C7H8) yields were measured by on-line micro-GC and
presented as permanent gases and not as tar compounds. Tar yields are
reported on a mass basis in order to avoid any dilution eﬀects due to
changes in ER. Three SPA samples of 100mL of product gas were ex-
tracted from the reactor with a syringe pump at each gasiﬁcation test.
The sampling period was 2min and the temperature of the gas at the
sampling port was maintained at 400 °C. The tar from the product gas
condensed and adsorbed on 500mg of aminopropyl silica sorbent. Tar
was eluded from the aminopropyl silica sorbent immediately after
sampling by the addition of 3× 600mL of dichloromethane and further
analysed by gas chromatography. Two diﬀerent instruments were used,
an Agilent 7890A GC coupled to a mass detector (triple-axis MSD
5975C) for the identiﬁcation of tar compounds and a Thermo Scientiﬁc
Trace 1310 GC with ﬂame ionisation detector (FID) for the quantiﬁ-
cation of the tar compounds. A more detailed description of the sam-
pling and extraction processes along with the equipment used can be
found elsewhere [27]. Moisture measurement was performed by pla-
cing an impinger containing 100mL of phosphorus pentoxide (P2O5), a
powerful desiccant, in a water bath of 4 °C in order to trap the moisture
Fig. 3. Evolution of the major gas species as a function of ER.
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into the solvent. After the completion of the gasiﬁcation test, the im-
pinger was weighted and the moisture content calculated by the mass
diﬀerence between the impinger before and after the measurement
[28].
2.5. Performance analysis
Cold gas eﬃciency (CGE), carbon conversion eﬃciency (CCE), LCV,
gas and tar yields were analysed to evaluate the performance of the
gasiﬁcation process. It should be highlighted that all the calculations
were performed on a dry basis and the tar compounds were excluded
from LCV. CGE is deﬁned as the ratio of the chemical energy of the
product gas to the chemical energy contained in the initial fuel,
whereas CCE is deﬁned as the ratio between the carbon converted into
gas to the carbon fed into the gasiﬁer.
3. Results and discussion
Table 4 represents a summary of the main results derived during the
whole experimental campaign. Results include permanent gas compo-
sition, total GC-detectable tar and moisture content in the product gas,
along with process performance parameters CGE and CCE. It is im-
portant to mention that the compositions of gases presented in Table 4
are the average values of four consecutive measurements once the ga-
siﬁcation process achieved the steady state condition.
3.1. Gas yield and carbon conversion eﬃciency (CCE)
The eﬀect of ER on the total gas yield is shown in Fig. 2(a) and it is
reported on a nitrogen and dry ash free (daf) basis ascertaining the
actual gas production without any dilution eﬀects. As observed, PL
results in the highest amount of total gas yield of 1.25m3/kgdafN2free at
an ER of 0.21. Moreover, with an increase in ER, the gas yield from
poultry litter and BW showed an upward trend, probably due to higher
char conversion and release of volatiles since more oxygen is consumed
in the reactor. On the other hand, the gas yield resulted from gasiﬁ-
cation of PL/BW blend remains fairly constant at the tested ER range.
The possible explanation for the inconsistency in the gas yield during
the co-gasiﬁcation of blended PL/BW could be either due to high at-
trition and char entrainment or due to increased N2 concentration in the
dry gas. Indicatively, the measured carbon content in cyclone ﬁnes and
bed ash collected from PL/BW was reported to be higher (18 g/hour)
compared to the BW alone (8.9 g/hour), conﬁrming the higher carbon
entrainment. CCE shown in Fig. 2(b), is increasing with ER, implying
that higher amounts of char are converted due to increased amounts of
oxygen available in the reactor. It should be noted that during test 2, a
small fraction of bed material was extracted due to high ash accumu-
lation in the bed which might have aﬀected the CCE calculation re-
sulting in the drop of CCE.
3.2. Gas composition
Fig. 3 presents the gas composition of the main gaseous species as a
function of ER. An increase in CO2 content with ERs can be observed for
all the tested fuels. This is attributed to the higher availability of oxygen
in the reactions with volatiles and char combustion. The results related
to CO2 concentration are in line with the ﬁndings of previous research
reported in [17,29,30]. In general, the presence of oxygen in the reactor
decreases the concentration of CO due to its oxidation and formation of
the more stable compound CO2. However, the concentration of CO in
this study shows diﬀerent behaviour with respect to the fuels. Parti-
cularly, for PL and BW it increases while the blend of PL and BW
showed an opposite trend. A possible explanation could be decom-
position of higher hydrocarbons resulting in an increase of the CO
concentration. The tar analysis presented in Fig. 5 conﬁrmed this by
analysing the GC-detectable tar conversion over the tested range of ER.
Noticeable decrease in the concentrations of C6H6 and C7H8 (see
Table 4) can be seen in BW explaining the observed increase in CO
concentration. A similar conclusion was drawn by Kwapinska et al. [28]
from gasiﬁcation of Miscanthus× giganteous at ER ranging between
0.18 and 0.32. Additionally, an increase in ER can aﬀect the optimal
mixing conditions and could be the possible reason for higher con-
centrations of CO, since local spots may be created with very low air
concentrations. As a consequence of imperfect mixing higher amounts
Fig. 4. Eﬀect of ER on a) LCV and b) CGE.
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of unconverted fuel is expected (see section 3.1 for the case of PL/BW
blend). The concentration of H2, although expected to decrease with
increasing ERs due to oxidation, in the cases of BW and blend it ﬂuc-
tuates, while in the two test runs of PL it remains approximately stable.
Similarly, the ﬂuctuations in H2 concentration could also be attributed
to the decomposition of higher hydrocarbons. Methane concentration
shows a relatively stable trend for all fuels which is mainly produced in
the pyrolysis zone. The steam reforming of CH4 is kinetically limited
and unlikely to occur at temperatures below 1000 °C [29,31]. Fur-
thermore, an increase in ER promotes the decomposition of tar com-
pounds into lighter hydrocarbons, a fact that could explain the observed
decrease in C7H8 concentration in this study. Finally, the compositions
of lighter hydrocarbons (C2H2, C2H4, and C2H6) seem not to be aﬀected
by changes in ER (Table 4).
3.3. LCV and CGE
Fig. 4(a) displays the eﬀect of ER on the LCV of all tested fuels. In
line with [17,29,32–35], the LCV of the product gas decreased with an
increase in ER. The explanation stems from the fact that at higher ERs
there is a higher amount of oxygen available to react with volatiles
evolving in the pyrolysis zone and further extension afterwards of
oxidation reactions. In all cases the decrease in LCV is small (< 5%).
This can be explained from the ﬂuctuations in the composition of H2,
CO and higher hydrocarbons. Especially higher hydrocarbons (C6H6,
C7H8), although present in small quantities, they have much higher LCV
compared to H2 and CO and therefore even a small change can have a
signiﬁcant eﬀect on LCV. BW acquires the highest LCV accounting for
4.96MJ/Nm3, followed by PL/BW and PL respectively. The eﬀect of ER
on CGE is presented in Fig. 4(b) and shows a declining trend with ERs.
At higher ER, the higher amount of air injected in the gasiﬁer promotes
carbon and hydrogen oxidation, resulting in the decrease of the che-
mical energy contained in the product gas. The obtained values of CGE
are within the limits (50–80%) which are in line with ﬁndings given by
Arena [36] for gasiﬁcation of municipal solid waste with air and oxygen
enriched air. Among the fuels tested in this study, BW has the highest
CGE (63%).
3.4. Agglomeration
PL ash contains high amounts (Table 2) of inorganic compounds (P,
K, Mg, Si) characterised by low melting temperatures. This can lead to
agglomeration which severely aﬀect the operational stability of the
gasiﬁer. In the speciﬁc experimental campaign, agglomeration indeed
occurred in the case of PL at 750 °C and highest tested ER (0.25) causing
the immediate shutdown of the gasiﬁer. Adding beech wood fuel with
very low ash content at 50–50% mass ratio helped to mitigate this eﬀect
and the gasiﬁer was able to run successfully at 750 °C at all tested ERs.
However, increasing the temperature to 800 °C resulted again in the
formation of agglomerates inside the gasiﬁer, showing the operational
limit when using PL as fuel.
3.5. Tar analysis
Table 5 presents the identiﬁed tar compounds in the order they were
eluted. The tar compounds derived from the blend of PL/BW are not
shown because they are the same with the respective ones eluted for PL
alone. It can be observed from Table 5 that the main diﬀerence between
PL and BW are the nitrogen-containing tar compounds reﬂecting the
high nitrogen content of PL compared to BW. Ten nitrogen-containing
tar compounds were identiﬁed and reported in Table 5 (designated by
*). In addition to that sulphur-containing tar compound, thiophene was
identiﬁed in PL derived tar.
Fig. 5 depicts the eﬀect of ER on the amount of total GC-detectable
tar. It is evident that there is a decrease in total GC-detectable tar for all
fuels at rising ERs. The most signiﬁcant decrease relates to the total GC-
detectable tar of PL (21.8%) while the other two fuels present a similar
decreasing rate (10.1% for PL/BW and 10.7% for BW). A possible ex-
planation for the decrease in tar yield may be the oxidation of tar
compounds due to the higher presence of oxygen within the reactor.
The results are in line with previous work of Hanping et al. [37]. The
authors gasiﬁed three diﬀerent biomass samples at an ER ranging be-
tween 0.15 and 0.35 and temperature set at 800 °C, reporting a con-
siderable reduction of tar in rising ERs. On the contrary, a more recent
study carried out by Horvat et al. [38] found that at constant tem-
perature, the ER has relatively little impact on the yield or composition
of tar from a grassy biomass. Campoy et al. [29] performed gasiﬁcation
experiments of diﬀerent feedstocks and found that the maximum de-
crease in the gravimetric tar content was 40% for orujillo (exhausted
olive cake) when increasing the ER from 0.23 to 0.43. However, the
experiments took place in a pilot scale reactor where temperature was
ER dependent, thus tar evolution cannot be studied separately.
Low tar yields of PL can be attributed to its high ash content along
with the low organic fraction (low lignin content) compared to BW. PL
ash contains signiﬁcant amounts of inorganics (Table 2) that acts as tar
cracking catalysts causing a reduction in the total amount of tar [39].
Lignin was reported to be a tar precursor producing higher total GC-
Table 5
Identiﬁed tar compounds with the chromatographic retention times.





1 Thiophene 2.96 //
2 Pyridine* 4.54 //
3 Pyrrole* 5.12 //
4 Methyl pyridine* 7.24 //
5 Methyl pyrazine * 7.54 //
6 Ethylbenzene 8.69 Ethylbenzene 8.70
7 o/m/p Xylene 8.95 o/m/p Xylene 8.97
8 Phenylethyne 9.37 Phenylethyne 9.43




11 Ethenyl pyridine* 11.11 //
12 Benzonitrile* 13.15 //






15 Indene 15.06 Indene 15.07






17 Naphthalene 19.35 Naphthalene 19.37
18 Quinoline* 21.11 //
19 Isoquinoline* 21.36 //






22 Biphenyl 24.86 Biphenyl 24.83
23 // Ethenyl naphthalene 26.07
Acenaphthylene 26.49 Acenaphthylene 26.46
24 Acenaphthene 27.40 Acenaphthene 27.37
25 Dibenzofuran 28.28 Dibenzofuran 28.24
26 Fluorene 29.77 Fluorene 29.69
27 Phenanthrene 34.04 Phenanthrene 33.97









31 Fluoranthrene 38.96 Fluoranthrene 38.86
32 Pyrene 39.64 Pyrene 39.54
// Benzo[a/b]ﬂuorene 40.89
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detectable tar and PAH compared to cellulose and hemicellulose
[14,40,41]. Although the chemical content of all tested fuels was not
investigated, in the study of Font Palma [14] the chemical analysis of
several types of woody biomass (not including beech wood) along with
the one of PL are given, showing that the lignin content of all woody
biomass is superior to PL. Tar yield of PL/BW falls between the two
fuels. Due to the moderate operating temperature of 750 °C, secondary
tar is predominant group in all cases, whereas alkyl tertiary tar displays
the lowest yields. Generally, it is expected that the yield of PAH tertiary
tar would increase at temperatures higher than 750 °C, through de-
composition of secondary tar compounds and subsequent recombina-
tion into PAH tertiary tar compounds. On the other hand, alkyl tertiary
tar develop at temperatures 750–850 °C, acting as intermediates
between secondary and PAH tertiary tar groups, while at temperatures
higher than 850 °C, reform into unsubstituted PAHs [42]. However due
to the limitation of operating temperature range, it was not possible to
study in detail the evolution proﬁles of PAH and alkyl tertiary tar
groups.
The amount of detected but not identiﬁed tar is in the range 20–25%
for all fuels and was calculated by subtracting the identiﬁed tar com-
pounds from total GC-detectable tar. Fig. 6 shows twelve tar com-
pounds present in all fuels and with quantity>= 0.05 gtar/kgfeedstock-
daf at the lowest ER (0.17/0.18). The rest of the tar compounds are
given in supplementary ﬁle (Tables S1–S8). Naphthalene is the most
abundant compound in the PAH tertiary tar group followed by phenol,
indene and styrene which belong to the secondary tar group. Overall
Fig. 5. Tar groups classiﬁed according to Milne et al., 1998 and total GC- detectable tar as a function of ER.
Fig. 6. Yield of individual tar compounds as a function of fuel at the lowest ER.
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naphthalene is considered as very stable compound remaining present
at temperatures of 900 °C even after catalytic tar cracking [43,44]. It is
formed by either the breakdown of heavy tar (GC-undetectable and
heavy PAH), or by polymerisation reactions from smaller building
blocks.
3.6. Mass balance
Table 6 presents mass balance calculations pertaining to the PL/BW
and BW in order to ascertain the accuracy of the experimental mea-
surements. Mass balance for the PL was not performed because the
material from the cyclone was not collected for one of the tests at
750 °C. However, the mass balance for the PL experiments conducted at
the temperature of 700 °C was reported elsewhere [45]. The input
streams comprise of solid feedstock, air, nitrogen and moisture content
whilst the output consists of dry gas, unconverted material collected
from the bed and cyclone (char and ash), along with the moisture
present in the gas. It should be noted that accumulation of char and ash
in the bed were estimated as average over the day of the experiments,
whereas material from the cyclone was collected at the end of each
experimental test. From Table 6, it can be observed that most of the
relative errors of the mass balances read below 15% and are considered
within the acceptable limits. Furthermore, deviations in hydrogen
balance can be attributed to lack of information regarding elements
such as ammonia but also due to errors in moisture determination and
no-inclusion of heavy hydrocarbon compounds in the tar.
4. Conclusions
Gasiﬁcation of PL, blend of PL with BW and BW alone were studied
in a lab-scale bubbling ﬂuidised bed reactor. It was demonstrated that
blending PL with BW can prevent agglomeration occurring at 750 °C,
but when the temperature is increased at 800 °C, again agglomeration
interrupts the smooth operation of the gasiﬁer. ER had a negative eﬀect
on LCV, whereas it enhanced CCE. The highest LCV (4.96MJ/Nm3) and
CCE (91.6%) were reported while gasifying the BW alone. Tar yields are
aﬀected by the fuel type and decreased with ER. As expected due to the
higher lignin content compared to the other two fuels, BW showed the
highest amount of GC-detectable tar at the lowest tested ER (7.52 gtar/
kgfeedstock-daf). In the cases of PL and PL/BW, signiﬁcant amounts of
nitrogen-containing tar compounds were identiﬁed due to higher ni-
trogen content in PL compared to BW.
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